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We elucidate as-yet-unidentified spatially extended oxygen vacancy states in ABO3 perovskite oxides using
first-principles calculations. When B sites are occupied with d0 transition metal ions, charged oxygen vacancies
are found to be long ranged in one direction because of charge transfer accompanied with atomic displacement
along a chain-like structure. This finding offers two important results. First, it explains the reason why accurate
calculations of oxygen vacancy formation energies necessitate very large supercells in d0 perovskite and related
oxides. It is remarkable especially for KNbO3 and WO3 on account of their anomalous Born effective charges.
Second, such elongated vacancy states tend to show lower formation energies and thereby shallower donor
levels. Our discussion is extendable to systems other than perovskites. Since the chain-like structure also
appears in anatase TiO2 but not in its rutile counterpart, it could be a reason why the oxygen vacancy is a double
shallow donor in the former while constructing a deep state in the latter.

Perovskite oxides exhibit various fascinating physical prop-
erties, such as superconductivity [1], multiferroics [2], high
dielectric constants, ferroelectricity, piezoelectricity [3], and
ion conductivity [4]. They have also been commercially uti-
lized for dielectric insulators in capacitors, piezoelectric ac-
tuators and sensors, ferroelectric random-access memory, and
solid oxide fuel cells [3, 5]. Other future applications such
as photocatalysts [6] and semiconductor devices [5, 7] are
also proceeding. Oxygen vacancies (VO) drastically affect the
number of conducting electrons if they act as shallow donors
and dominate the optical properties and carrier lifetimes if
they form deep localized states inside the band gap. VO should
also determine the transport properties of ions such as O2

− and
H+ and domain wall motion [8, 9]. Therefore, VO are strongly
connected not only to the physical properties but also to the
material performances, e.g., insulation degradation, optical
absorption, radiative recombination, phase stability, ion diffu-
sivity, and domain switching. Uncovering the functional and
detrimental behaviors of VO and controlling their concentra-
tion is the key to understanding their rich physical properties
in depth and achieving the best performances of the oxides.
The main purpose of this Rapid Communications is to eluci-
date as-yet-unidentified one-dimensionally (1D) extended de-
fect states of charged VO in perovskite oxides based on first-
principles calculations.

Figure 1(a–d) shows the doubly-ionized O vacancy (VO
2+)-

induced atomic-site electrostatic potential that is the poten-
tial difference between the defective and defect-free bulk su-
percells (Vd/b). The Vd/b values for rhombohedral KNbO3

(KNO), tetragonal SrTiO3 (STO) [10], cubic BaSnO3 (BSO),
and rhombohedral LaAlO3 (LAO), which are ground-state
structures, are shown (see Supplemental Material (SM) [11]
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for other perovskite oxides). Generally, Vd/b rapidly con-
verges to the potential caused by the point-charge models
(VPC), although tiny constant shifts remain [12]. However,
some atomic sites with large potential deviation reside in the
defect region. In KNO and STO (Fig. 1(a, b)), one can see that
Vd/b obviously jumps at the O ions located on the B-O-B (B
= Ti or Nb) 1D chain including VO

2+. This indicates that the
VO

2+ defect states elongate one-dimensionally in the chain di-
rection, as illustrated in Fig. 1(e) (see SM [11] for additional
details including the displacement distances). Based on our
calculations, a similar tendency is found in other d0 perovskite
oxides such as BaTiO3 (BTO) and WO3, the latter of which
takes the ReO3 structure, namely the perovskite-related struc-
ture without A-site cations. Conversely, the elongation is not
noticeable in BSO and is almost absent, except for the imme-
diate neighbors of VO

2+, in LAO. These results mean that the
1D-chain-like VO

2+ state does not arise in all the perovskite
oxides.

Such upward shifts in the electrostatic potential are ex-
plained in terms of the Born effective charges (BECs). A BEC
is defined as a derivative of polarization with respect to the
relevant atomic displacement. BEC is determined from both
a static ionic charge comprising a nucleus with tightly bound
electrons and a dynamic charge transfer associated with the
atomic displacement. The BECs of the O ions in the B ion
direction (Z∗O‖ ) in the cubic phases are -10.1 in WO3, -7.6
in KNO, -6.2 in BTO, and -5.5 in STO. These Z∗O‖ values
are much smaller compared with the formal static charge of
-2 and Z∗O‖ in BSO (-3.4), LAO (-2.4), and other typical ox-
ides (In SM [11], BECs of selected oxides are tabulated). A
smaller Z∗O‖ value means that more electrons are transferred
from O to B ions when the B-O bond distance is decreased,
and vice versa. B site cations also show large BEC values as
counterparts of the O atoms (Z∗

B‖
= 13.8, 10.0, 7.7, 6.7, 4.4,

and 2.9 for WO3, KNO, BTO, STO, BSO, and LAO, respec-
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FIG. 1. Atomic-site electrostatic potential in supercells of (a) KNO,
(b) STO, (c) BSO, and (d) LAO containing VO

2+ relative to that in
the pristine bulk as a function of the distance from nearest VO

2+. In
(a–d), the values for the B-site and O atoms locating on the 1D-chain
with VO

2+ are enclosed in yellow and red squares, respectively. (e)
Atomic structure along the 1D extended VO

2+ state in STO. Changes
of the bond lengths in Å and the charge transfer accompanied with
the atomic displacement calculated using Z∗O‖

are also described with
black and blue text, respectively (see text for details). Here, Z∗O‖

=

-5.4 calculated in tetragonal STO is used for estimating n in Eq. (1).
(f) Electrostatic potential at the atoms on the 1D extended VO

2+ state
in the 2560-atom supercell of STO. Here, the point-charge model po-
tential is subtracted. The fitted Slater-type function to the potential
under consideration of the 1D periodic boundary condition and its
isolated potential curve are also shown with solid blue and dashed
red lines, respectively. (g) Change of the Bader charge in the STO
2560-atom supercell with VO

2+ from that in the bulk supercell; a pos-
itive value means an increase of the electron charge. (h) Net electron
charge estimated from the change of the bond length, as in (e).

tively). The cause of the anomalous BECs is sensitivity of the
hybridization between B-d and O-2p orbitals to the B-O dis-
tance [13]. Thus, the potential deviations at the O sites along
one direction are a consequence of the electron transfer asso-
ciated with the atomic displacement for screening the defect
charge. It is also consistent with the results that Vd/b in BSO

with moderate Z∗O‖ shows smaller but evident potential devia-
tions (Fig. 1(c)) and is almost absent in LAO with Z∗O‖ much
closer to the formal charge (Fig 1(d)).

Given the above discussion, one might expect Vd/b at the
B ions on the 1D-chain with VO

2+ to show a large deviation
as well, but it is not seen in Fig. 1(a, b). This is because B

ions largely displace outwardly along the B-O-B 1D chain,
whereas O ions mostly remain at their original positions (see
SM [11]). The reason why O ions mostly remain in place
is probably because the neighboring B ions tend to push O
ions outward, while positively charged VO

2+ attracts them in-
ward. Consequently, the charge transfer from O to B ions is
almost cancelled out except for the B ions next to VO

2+, as il-
lustrated in Fig. 1(e). This conclusion will also be confirmed
with charge transfer analysis.

We next investigated the spatial distribution of the 1D
chain-like defect. Figure 1(f) shows the relative electrostatic
potential at the O ions on the 1D chain with VO

2+ in STO.
Here, the potential caused by the periodic point charges and
compensating background charge is subtracted to see the po-
tential change caused by the charge transfer, referred to as
Vd/PC. To determine the defect region, we fitted Vd/PC with
the Gaussian- and Slater-type functions, with expressions of
a·exp(-br2) and a·exp(-br), respectively (where a and b are fit-
ting parameters). As shown in Fig. 1(f), we have found the
Slater-type function fits well in the Vd/PC (see SM [11] for the
Gaussian-type function results) and presents the slowly de-
caying behavior of the VO

2+ in STO. The same behaviors are
found in other d0 perovskite oxides (see SM [11]).

A more straightforward approach to investigating the distri-
bution is to analyze the change of the static atomic charge. We
calculated the difference of the Bader charges [14, 15] in the
defective and pristine supercells of STO (Fig. 1(g)). One can
see the electron charge increases at the neighboring Ti sites,
but remains nearly unchanged at the other Ti sites along the
chain, which is consistent with the above discussion. Con-
versely, the electron charge decreases at the second-nearest O
sites, and slowly decays with distance from VO

2+.
To confirm that this charge redistribution is attributed to the

charge transfer, we also calculated it from the change of the
Ti-O distances and the dynamical charge of Z∗O. In the case of
1D Ti-O chain-like structure, assuming the static ionic charge
of O is -2 and the atomic displacement is small compared with
the bond lengths, the transferred electron charge is:

n =
1
2

(Z∗O‖ + 2) ·
∆dTi−O

dTi−O
(1)

where n is the transferred electron charge from an O ion to a
Ti ion, dTi−O is the Ti-O bond length in the bulk, and ∆dTi−O is
the change of dTi−O caused by the atomic displacement. The
net electron charge as a consequence of charge transfer quan-
tified using Eq. (1) is shown in Fig. 1(h) (see the SM [11] for
more details). As expected, the charge distribution is almost
the same as that of the Bader charge analysis, although the
absolute values are different by a factor of approximately two
and the decay is slower.

Spatially extended VO
2+ offer two important consequences.

Firstly, they lead to strong cell size dependences of VO
2+ for-



3

(b) rhombohedral KNO
320 1351715

(a) monoclinic WO
3

2562048
R

e
la

tiv
e

 e
n

e
rg

y 
(e

V
)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

(f) KNO (w/o atomic relaxation)

 0  0.1  0.2
N

atoms
-1/3

0

-0.1

-0.2

0.1
(d) rhombohedral LAO

R
e

la
tiv

e
 e

n
e

rg
y 

(e
V

)

120960
(c) cubic BSO

320 1351080

-1
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4
(e) WO

3
 (w/o atomic relaxation)

R
e

la
tiv

e
 e

n
e

rg
y 

(e
V

)

 0  0.1  0.2
N

atoms
-1/3

No corrected

eFNV corrected

N
atoms

N
atoms

320 13517152562048

270

FIG. 2. (a–d) Relative VO
2+ formation energies (E f [VO

2+]) in (a)
WO3, (b) KNO, (c) BSO, and (d) LAO as a function of the super-
cell sizes. Two types of energies without (w/o) corrections and with
eFNV corrections are shown. Note that scales in the y-axis are differ-
ent. The numbers of atoms in the supercells are shown at the top of
the figures. The supercells are constructed by isotropically expand-
ing primitive unit cells, except for LAO (see SM [11] for details).
(e, f) Same as in (a, b), but without atomic relaxation. The relative
energy zero is set at the eFNV-corrected energy calculated using the
largest supercell when the energy is converged, as in (c–f). Other-
wise, it is set to the dilution limit estimated from the extrapolation,
as in (a, b).

mation energies (E f [VO
2+]). Figure 2 shows E f [VO

2+] that are
calculated with various cell sizes in selected perovskite and re-
lated oxides. One can see the drastically decreasing tendency
of E f [VO

2+] with supercell size for WO3 and KNO (Fig. 2(a,
b)). In general, as the supercell size increases, E f [VO

2+] tends
to decrease and then increases starting at approximately 100
atoms [12, 16, 17]. Such a turning point is, however, absent at
least up to a few thousand atoms in KNO and WO3.

Recently, we have developed the extended Freysoldt–
Neugebauer–Van de Walle finite supercell size-correction
scheme for application to anisotropic systems, which is re-
ferred to as eFNV here [12, 18–21]. In principle, the eFNV
scheme accurately corrects the finite size error caused by the
spurious electrostatic interactions if the defect charge is fully
contained in the supercell. However, elongated VO states asso-
ciated with anomalous BECs spatially overlap with their peri-
odic images. Therefore, E f [VO

2+] are not well corrected, even
with a few thousand atom supercells in KNO and WO3, which
are in contrast with those in BSO and LAO (Fig. 2(c, d)). BTO
and STO also show slightly slower convergence than typical
oxides, consistent with their moderate spatial distribution of

VO
2+ (see SM [11]).
To corroborate our discussion, we have calculated the

E f [VO
2+] in WO3 and KNO without atomic relaxations, as

shown in Fig. 2(e, f). It should be noted that when the atomic
positions are fixed, the energy dependence on the supercell
size becomes larger because ionic screening of the electro-
static potential is absent (see uncorrected E f [VO

2+] values in
Fig. 2(e, f)). However, eFNV-corrected E f [VO

2+] in WO3 and
KNO are calculated within errors of less than 0.07 and 0.15
eV with 256- and 135-atom supercells, respectively. These
results strongly certify the scenario in which the 1D extended
VO

2+ state is induced by the atomic displacement.
The second important consequence is that the extended

state lowers the VO
2+ formation energy. From an electro-

statics standpoint, defect formation energies decrease as the
spatial distributions of the charged defects increase. Indeed,
E f [VO

2+] in WO3, KNO, and STO aligned using the aver-
aged core potential of the oxygen atoms are 3.45, 1.55, and
0.58 smaller than that in LAO, respectively, while those in
BSO and LAO are the same within 0.1 eV. Extended VO

2+,
therefore, should be more stabilized compared with the neu-
tral counterparts, meaning VO tends to be a shallow donor. In
fact, VO shows a shallow behavior in WO3, cubic BTO, and
STO, whereas deep states are seen in BSO and LAO [22–27].
Of course, other factors such as dispersion of the conduction
bands and orbital characteristics of the vacancy states influ-
ence the transition levels [28]. Therefore, VO states are not
necessarily shallow in all the perovskite oxides with anoma-
lous BECs.

Extended VO states are also expected to develop in other
oxides that contain 1D chain-like structures and large BECs
along the corresponding direction. One example is TiO2. In
rutile and anatase TiO2 (r-TiO2 and a-TiO2), TiO6 octahedra
are shared at the corners and edges and Ti4+ takes d0 electronic
state. Anatase TiO2 holds a pseudo-1D chain structure while
r-TiO2 does not (see Fig. 3(a, b)), and a-TiO2 have smaller Z∗O
value of -5.1 along the chain direction (see SM [11] for the
BEC tensors of TiO2).

We calculated VO
0, VO

+, and VO
2+ in a- and r-TiO2 us-

ing the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional.
Firstly, we have confirmed that only a-TiO2 shows the long-
ranged large potential deviation along the chain (see the
SM [11]), indicating VO

2+ exists as the extended state only in
a-TiO2. Figure 3 (c) shows the charge transition levels (CTL)
of VO. The energy levels were again aligned using the core
potential of the oxygen atoms. Note that the 0.21 eV higher
conduction band minimum (CBM) of the rutile in our calcu-
lation is comparable to 0.22 eV determined using X-ray pho-
toelectron spectroscopy [33]. In r-TiO2, the 2+/+ CTL exists
within the band gap, while the 2+/+ CTL is 0.2 eV above
the CBM in a-TiO2 (see the Fig. 3 caption for the techni-
cal details). This means that the deep state in r-TiO2 is not
merely because of the relatively higher CBM in r-TiO2. In
addition, the E f [VO

2+] is also lower in a-TiO2 than in r-TiO2,
even though neutral VO (VO

0) shows 0.5 eV higher energy in
a-TiO2, as seen in Fig. 3(d). This decrease should be attributed
to the reduction of E f [VO

2+], caused by its 1D extended state,
in a-TiO2.
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FIG. 3. Crystal structures of (a) anatase and (b) rutile TiO2. A 1D
chain-like structure is highlighted in (a). (c) Charge transition lev-
els (CTLs) of VO in anatase and rutile TiO2. Note that +1 and neutral
charge states in r-TiO2 show the small polaronic nature, meaning one
and two small polarons are trapped at the Ti sites, respectively, as re-
ported in [29, 30]. The 2+/+/0 CTL in anatase TiO2 is confirmed
without sampling the conduction band minimum (CBM) using the
Monkhorst-Pack k-point mesh (see Refs. [31, 32] for details). Note
that the 2+/+ and +/0 CTLs in anatase are the same within the ac-
curacy of the computations including corrections, so are connected
as 2+/+/0 in (c). (d) E f [VO

2+] as a function of the Fermi level near
the CBM in anatase and rutile TiO2. The open circle designates a
shallow donor level corresponding to a hydrogenic state. The forma-
tion energies of the unstable charge states at a given Fermi level are
shown with dashed lines. The zeros of the upper and lower x-axes
are set to the aligned CBMs of rutile and anatase TiO2, respectively.
The calculations were performed using the HSE06 hybrid functional
with 192- and 270-atom supercells for a- and r-TiO2, respectively, as
well as eFNV corrections (see SM [11] for the cell size dependencies
of E f [VO

2+ in TiO2). The oxygen chemical potential is set to the half
of the energy of an O2 molecule.

In conclusion, we have elucidated the 1D extended oxygen
vacancy states in ABO3 perovskite oxides. The origin is at-
tributed to the dynamic charge transfers that occur between

the B and O ions along the 1D-chain structure with VO
2+. Our

argument is backed up from atomic-site potential analyses and
Bader charge and cell size dependencies of E f [VO

2+] with and
without atomic relaxation. We have also found that the elon-
gated VO state exponentially decays in real space and is not
enclosed even in supercells containing a few thousand atoms
for KNO and WO3. Thus, we would like to warn of the need
to revisit the VO formation energies determined in previous
studies. Furthermore, extended VO

2+ shows a relatively lower
formation energy because of the large spatial charge distribu-
tion. Such energy lowering could contribute to shallow donor
behaviors in WO3, perovskite titanates, and a-TiO2. Our find-
ings hold generality in oxides with both d0 transition metals
and chain structures, and, therefore, give deeper insight into
their point defects.

Methods. First-principles calculations were performed us-
ing the projector augmented wave (PAW) method [34], as
implemented in VASP [35, 36]. The modified Perdew–
Burke–Ernzerhof generalized gradient approximation tuned
for solids [37] was used for calculating VO

2+ in the perovskite
oxides. Hubbard U corrections [38] were adopted to the Ti-3d

states in SrTiO3 (Ueff = 4.36 eV [39, 40]). The HSE06 hybrid
functional [41, 42] was also used for calculating the E f [VO

q]
(q=0, +, and 2+) values in a-TiO2 and r-TiO2. Spin polariza-
tion was considered for VO

0 and VO
+. Methods for calculating

the defect formation energies and the details of the eFNV cor-
rection scheme can be found elsewhere [12, 31, 32]. To avoid
other contributions to the electrostatic atomic site potentials
and cell size dependences, only the ground state perovskite
oxides were treated in this study; when a defect is introduced
into a dynamically unstable phase, the defect formation en-
ergy and electrostatic potential may be drastically modified
because of defect-induced symmetry lowering. The dynami-
cal stability was checked using the first-principles phonon cal-
culations with PHONOPY [43].
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